We analyze the possibility to accommodate current b → s + − anomalies with TeV-scale mediators that couple to right-handed top quarks and muons, contributing to b → s + − at the one-loop level. We use the Standard Model Effective Field Theory (SMEFT) framework but also look at specific scenarios by taking into account all possible irreducible representations of the Lorentz and Standard Model gauge group for the mediators. From a global fit of b → s + − data and LEP-I observables we find that the Wilson coefficients of two SMEFT operators:
I. INTRODUCTION
The observed pattern of deviations from the Standard Model (SM) in b → s + − transitions [1] [2] [3] [4] [5] suggests the presence of new physics (NP) that violates lepton flavour universality. Global analyses of the experimental measurements within the Weak Effective Theory find that only a few effective operators are needed to consistently explain the observed deviations from the SM [6] [7] [8] [9] [10] [11] . 1 A NP scenario that has been explored recently in this context is that of a mediator that couples predominantly to right-handed up-type quarks and to muons. The required contributions to explain the b → s + − anomalies arise at the one-loop level in this case. 2 This idea has been presented in terms of the Standard Model Effective Field Theory (SMEFT) [14] , as well as with specific models: a scalar leptoquark [15] , and a top-philic Z boson [16, 17] . Given the large value of the top-quark mass and the structure of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, the largest effects in b → s transitions will be generated when the mediator couples to top-quarks. We therefore focus on this case. * J.camargo-molina@imperial.ac.uk † Alejandro.Celis@physik.uni-muenchen.de ‡ darius.faroughy@ijs.si 1 One exception is the current measurements of Λ b → Λ + − , which show some tension with the measurements in semileptonic B decays [12] . 2 Departures from the SM have also been observed in b → cτ ν transitions. The scenario proposed here cannot address these anomalies, so one would need to extend this dynamical setting in order to accommodate them. See [13] for a review of the current experimental situation.
In this work we analyze this scenario within the EFT framework as well as with particular models, considering all possible mediators that give rise to tree-level matching contributions to the SMEFT operators on which we are interested. We consider constraints from LEP-I on the modifications of the Z properties, including the necessary one-loop matching corrections at the electroweak (EW) scale. We also discuss the constraints from high-p T searches at the LHC and analyze future prospects for the high-luminosity phase of the LHC.
The new findings in this letter are:
• We find that the SMEFT operators
can accommodate the b → s + − data and the constraints from LEP-I measurements when their corresponding Wilson coefficients satisfy C u ∼ C eu . For Λ ∼ 1 TeV, we find C u ∼ C eu ∼ −1.7.
• We explore all the possible mediators that can generate the required NP pattern (C u ∼ C eu with negative values). We find that, among the colorless mediators a minimal scenario consists of having a vector boson in the irreducible representation Z µ ∼ (1, 1, 0) of the SM gauge group SU(3) C × SU(2) L × U(1) Y with vectorial coupling to muons. For the mediators carrying color, we find a viable scenario with a combination of two leptoquarks, the scalar R 2 ∼ (3, 2, 7/6) and the vector U 1α ∼ (3, 1, 5/3).
• By recasting different high-p T searches at the LHC we find that the LHC is already probing the interesting region of TeV masses for these mediators.
This article is organized as follows. The EFT framework used is discussed in Sec. II. In Sec. III we present the phenomenological analysis of low energy observables, including those coming from flavour physics and LEP. Possible mediators that can accommodate the data are presented in Sec. IV. Constraints from high-p T searches at the LHC are discussed in Sec. V. Sec. VI contains a small discussion of the possibility of NP in the electron channel. Sec. VII is a critical discussion of our results and comparison with previous related works. We conclude in Sec. VIII. Appendix A contains details about the LHC constraints on the leptoquarks.
II. EFFECTIVE FIELD THEORY A. Standard Model Effective Field Theory
When the NP particles are much heavier than the EW scale we can parametrize their effects at low energies via the SMEFT [18] . 3 Integrating out the heavy particles gives rise to a tower of effective operators suppressed by the mass of these particles, assumed here to be a common scale and denoted by Λ. The dominant NP effects in the EFT power counting are encoded in operators of canonical dimension six
We adopt the non-redundant basis for the dimension six operators defined in [21] , known as the Warsaw basis.
In the weak basis where the up-type quark and charged lepton mass matrices are diagonal, we consider the two operators in Eq. (1) involving right-handed top quarks and muons (and its associated neutrino field).
B. Weak effective Theory
After electroweak symmetry breaking (EWSB), the operators in (1) modify the Z boson couplings to the muons at the quantum level, see Figure 1 . This is due to the operators O u and O eu mixing under renormalization group evolution with (ϕ
of the Warsaw basis [22] .
In scenarios of strongly coupled dynamics behind electroweak symmetry breaking, with the Higgs arising as a pseudo-Goldstone boson, the nonlinear effective theory provides a more suitable low energy description [19, 20] . 4 At dimension five there is only one operator, which provides neutrinos with a Majorana mass term after electroweak symmetry breaking. 5 In the conventions used
v 2 Zµ + · · · where v 246 GeV and ϕ is the SM Higgs doublet.
FIG. 1. One loop correction to
We can parametrize these effects by
with g Z = g/c W . Taking into account the first leading logarithm from renormalization group evolution together with the finite parts of the one-loop correction we obtain
with y t = √ 2m t /v and v 246 GeV the vacuum expectation value of the Higgs field. We have retained terms that are enhanced by the top-quark Yukawa. We use the notation s α ≡ sin α, θ W is the weak angle. The Wilson coefficients C u and C eu are evaluated at the scale Λ. We have dropped the flavour indices on the Wilson coefficients [C] µµtt for simplicity. The loop function F is given by (τ t = 4m
The inclusion of the one-loop matching corrections cancels the scale dependence of the leading renormalization group contribution. We also verified the corresponding entry of the anomalous dimension matrix calculated in Ref. [22] . Note that one-loop finite corrections could also originate from a UV completion of our framework.
We assume that these model dependent finite corrections are subdominant, similar assumptions have been made for instance in [23] . Below the EW scale, the top-quark is integrated out together with the W, Z and the Higgs. The operators in (1) give a one-loop matching contribution via the diagram shown in Figure 2 to the semileptonic operators belonging to the weak effective Hamiltonian for
Here G F is the Fermi constant and α e represents the fine-structure constant. The leading contribution due to renormalization group evolution can be obtained using the one-loop anomalous dimension matrix obtained in [22] . The finite parts from the one-loop correction were calculated in [25] . Keeping top-Yukawa enhanced contributions, the final results read [14] C ij,µ 9
71 representing a loop function as in [25] ; C u and C eu are evaluated at the scale Λ. The Wilson coefficients C ij,µ 9,10 are proportional to m 2 t due to the required chirality flip in both quark legs. We verified that one-loop matching corrections cancel the scale dependence of the leading renormalization group contribution in (8) .
III. LOW ENERGY PHENOMENOLOGY
Modifications of the Z → µ + µ − decay rate are constrained by lepton flavour universality tests in Z decays performed at LEP-I. We use the following measurement (see Sec. 7.2.1 in [26] )
with a correlation ρ = 0.63. The notation Γ f f = Γ(Z → f + f − ) has been used.
The partial decay width for Z → µ + µ − taking into account (3) is given to linear order in the NP contributions by
where A ≡ 1 + c 4θ W /2 − c 2θ W and c α ≡ cos α.
Modifications of the Z coupling to leptons are also constrained by the leptonic asymmetry parameter determined at LEP-I. We use the measurement (see Table 7 .4 in [26] )
The leptonic asymmetry parameter is defined by
with B = −1/2 + c 2θ W and A defined below (10) .
The semileptonic operators (6) can in principle accommodate the anomalies observed in b → s transitions. To analyze this, we reconstruct the likelihood for b → sµ + µ − observables from the 1σ and 2σ contours in the C 9 − C 10 plane provided in [27] , assuming a bivariate normal distribution. We obtain (C 9 , C 10 ) = (−1.11, 0.273) for the mean values, σ C9 = σ C10 = 0.24 for the standard deviation, and a correlation ρ = 0.20. We also include in our analysis the ratios R K and R K * , using the general formulas derived in [14] and the experimental values reported in [1, 2] . Contributions to b → sνν and s → dνν are related in this framework to those in b → sµ + µ − due to the SU(2) L gauge symmetry and the predictive flavour structure [16, 28] . Current bounds from B and K meson decays into final states with neutrinos do not set any relevant constraint in our framework. A global χ 2 function is built with all these observables. The results of the fit are summarized in Table I and in Figure 3 . Table I shows the contributions to χ 2 from each sector within the SM and at the minimum of the global χ 2 for three benchmark values of Λ. Figure 3 shows the isocontours of ∆χ 2 ≡ χ 2 −χ 2 min = {2.3, 5.99} in the plane {C u , C eu } for the same benchmarks. The preferred region by the global fit (shown in Figure 3 as a yellow ellipse) lies is the third quadrant along the direction C eu ∼ C u . In this region, the NP contribution to the effective Hamiltonian for b → s + − transitions enters mainly in the Wilson coefficient C 9 .
One important observation is that the NP effects considered cancel accidentally for C eu ∼ C u in the decay width for
). The leptonic asymmetry parameter A µ breaks this blind direction of the LEP-I χ 2 to some degree, but a very strong correlation between these two variables remains. We have compared the LEP-I bounds we obtain with those derived using the results of [29] and found good agreement. For this comparison we use the following values reported in Ref. [29] :
, with a correlation ρ = 0.90. Another observation is that current data for b → s + − and LEP-I show some slight tension within the framework analyzed here, which is reflected in the contribution of LEP observables to the χ 2 in Table I . The combined fit would be better if the deviations from the SM observed in b → s + − transitions decrease slightly with future measurements.
TABLE I. Contribution to the χ 2 from each sector at the minimum of the global χ 2 and in the SM.
IV. MEDIATORS
Different mediators can in principle generate the operators considered in Eq. (1). Taking into account the different irreducible representations of the Lorentz and SM gauge symmetry groups, one finds that there are only five different states that can generate these operators at tree-level [30] , shown in Table II . The required size of the Wilson coefficients as well as their sign in Figure 3 provides important information about the possible models that can accommodate the anomalies, ruling out two of the possible mediators.
A. Z boson
One candidate mediator is a vector boson in the irreducible representation
Possible mediators generating at tree-level the two relevant operators. The Z represents a vector boson in the singlet representation of the SM gauge group while the nomenclature used for the LQs corresponds to that in [32] . The last row shows those for which the Wilson coefficients are negative, as required by the low-energy fit. in scenarios of strong dynamics behind EW symmetry breaking or in weakly coupled extensions of the SM with an extended gauge group [31] . A model with a Z boson coupling predominantly to right-handed top-quarks and to muons in order to explain the b → s + − anomalies was presented in [16] and also analyzed in [17] . We are interested in an interaction Lagrangian of the form
Though it is not written here explicitly, a Z interaction to muon neutrinos would also arise in common UV theories, as together with muons they make doublets of the SU(2) L gauge symmetry of the SM. Integrating out the Z boson from the theory at tree level gives rise to the matching conditions
The fact that the preferred region in Figure 3 lies around the line
Of the possible mediators in Table II , the Z boson is the only single state capable of simultaneously generating both operators in Eq. (1) with the correct negative sign.
B. Leptoquarks
Leptoquarks (LQ) are exotic colored particles mediating quark-lepton transitions [32, 33] . Such particles are known to arise in unification scenarios [34, 35] or in scenarios of strong dynamics behind the EWSB [36] . In contrast to the Z case, no single LQ mediator can simultaneously generate both operators in Eq. (1). Nonetheless, we find that a combination of a scalar and a vector LQ can reproduce the preferred region in Figure 3 .
The two operators considered in (1) receive tree-level matching contributions by integrating out scalar and vector LQs with SM quantum numbers
The interactions of these LQs with the fermions are described by the Lagrangian
T is the lepton doublet, τ 2 is the Pauli matrix and we have not written the interaction termq L R 2 e R , which is allowed by the SM gauge symmetry. We will assume this term is forbidden by some underlying symmetry of the model for simplicity. Integrating out the LQs at tree-level gives the matching conditions [37] [38] [39] 
If the LQs have similar mass, the preferred region in Figure 3 implies that |κ S | ∼ √ 2|κ V |. Notice that the Wilson coefficients in (17) have the negative sign necessary to accommodate the low-energy fit, and that no other operators besides the ones in Eq. (1) are generated at tree-level from integrating out these LQs. The remaining two LQs in Table II generating these Wilson coefficients [37] [38] [39] , S 1 ∼ (3 * , 1, 1/3) and V 2α ∼ (3 * , 2, −1/6), lead to Wilson coefficients with the opposite signs as those in Eq. (17) and are therefore not able to fit the experimental data. Note that introducing a massive vector LQ with an explicit mass term spoils the renormalizability of the theory, contrary to a scalar LQ. Introducing an ultraviolet origin for the vector LQ (for example from an spontaneously broken gauge theory) is necessary to calculate one-loop finite corrections to the matching at the high energy scale.
V. HIGH-pT PHENOMENOLOGY A. Limits on the Z model
We now turn to the phenomenological implications of the Z mediator discussed in Sec. IV A, assuming it has a mass around the TeV scale and vectorial coupling to muons
When extracting limits from the LHC we will focus on tree-level Z exchanges and omit from our analysis loop-induced processes such as gg → gZ . The latter are sensitive to details of the ultraviolet completion such as effects from heavy fermionic top-partners. These exotic fermions are not uncommon when trying to build an ultraviolet completion for the Z model at hand and, while being too heavy to be directly produced on-shell they still may give non-negligible contributions to the production of the lighter Z through loop-level non-decoupling effects, see Ref. [16, 17] for more details.
At tree level, the most important constraints come from Z production in association with tt at the LHC. Once produced, the Z boson can decay into muons, muon-neutrinos, and top-quarks. After neglecting small lepton masses, the partial decay widths for these channels are given by
where Figure 4 . Limits for the process pp → ttZ → ttµμ were extracted from the generic Z di-muon resonance search by ATLAS [40] (Sec.10.3) at 36.1 fb −1 , assuming a detector acceptance of 40% and a decay width dominated by the three channels in Eq. (18) . The 95% CL exclu- sion limits from this search are shown in the purple region in Figure 4 . Projections to a higher luminosity of 300 fb −1 are also given by the dotted purple contour in the same figure. For the process pp → ttZ → tttt we used the current best upper limit on the SM four-top cross-section by CMS [41] at 35.9 fb −1 of data. The 2σ exclusion bound is given by the red region in Figure 4 . Projections to 300 fb −1 , given by the dotted red contour, were estimated using the multi-leptonic analysis performed in Ref. [42] , where the 95% CL upper limit on the SM cross-section was found to be approximately σ SM tttt < 23 fb. Notice that a dedicated resonance search for this channel can considerably improve this bound (especially at higher luminosities) if a high-mass cut is applied on the top-quark decay products or a top-tagger is used in order to improve sensitivity to the boosted tops from the decaying resonance, see also Ref. [43] .
Another relevant probe of the Z boson is the neutrino trident production [44] . The process ν µ γ * → ν µ µμ occurring in a fixed target from a highly energetic neutrino beam gives important limits on the Z boson coupling to muonic currents for a wide range of Z masses. These constraints will be complementary to those from the LHC. The cross-section for this process normalized by the SM prediction is given by [44] σ NP νµµμ
This quantity has been measured at CCFR to be σ NP νµµμ /σ SM νµµμ = 0.82±0.28 [45] , giving a strong constraint on the Z muonic couplings. The 2 σ upper limit on µµ V is represented by the vertical blue region in Figure 4 .
We observe that all the constraints are complementary and exclude different regions of the available parameter space in Figure 4 . For M Z = 0.7 TeV, the preferred 1σ region from the global fit of flavour and LEP observables is already excluded, with each of the different constraints considered playing an important role. For M Z = 1 TeV, an allowed region remains centered around the point {| µµ V |, | tt R |} = {1.2, 1.2}. Future searches from the LHC with 300 fb −1 will be sensitive to this region.
B. Limits on the R2 plus U1 model
For this model the most important LHC bound comes from LQ pair production gg (qq) → U † 1 U 1 , R † 2 R 2 . The consequences of having the interactions in Eq. (16) plus a negligible top-quark PDF for the proton are: (i) LQ pair production is independent of the size of the couplings κ S,V , hence driven completely by QCD interactions (see Figure 5 (left) for a representative Feynman diagram), (ii) the absence of all 2 → 2 single LQ production channels of the form qg → LQ at the LHC and (iii) the absence of→ ¯ production via LQ exchange in the tchannel. The only relevant process at the LHC at leading order besides QCD pair production is the 2 → 3 single LQ production mode gg → U 1 (R 2 ) tµ shown in Figure 5 (right). This last process only becomes competitive with LQ pair production if the couplings |κ S,V | > ∼ 1 are large enough to overcome the 2 → 3 body phase space suppression.
FIG. 5. Representative diagrams for the QCD LQ pair production (left) and for the single LQ production mode gg → U1(R2) tµ (right).
The scalar leptoquark doublet R 2 (see Sec. IV B) when decomposed into its SU(2) L components R T 2 = (R 5/3 , R 2/3 ), where the upper indices denote the electric charge (Q = Y + T 3 ), gives the following interactions
In this case the branching ratio for each state reads
where
The vector leptoquark singlet in Eq. (16) has a branching fraction of β( U 1α → tµ) = 1. We derive constraints on the LQs in the ttµμ channel by a recast of recent SUSY searches by ATLAS in the four-lepton [46] and same-sign di-lepton + tri-lepton channels [47] . We also derive bounds by a recast of an inclusive di-muon resonance search [40] . In order to estimate the number of signal events in each signal region, we first wrote UFO model files for R 2 and U α 1 using FeynRules [48] and generated large LQ pair production samples in MadGraph5 [49] . The decays of the tops into all channels where performed directly in Pythia8 [50] as well as parton showering and hadronization. Finally, for each search, detector effects where simulated with Delphes3 [51] . Selection cuts for the signal regions for each search were applied to the samples in order to extract the signal efficiencies.
For the scalar LQ pair production cross-section we used the NLO parametric representation given in [52] . For the vector LQ, the calculation of the pair production crosssection requires some assumptions about the underlying theory generating such state. The vector LQ-gluon interactions are parametrized by the following terms in the Lagrangian [53]
, G αβ represents the gluonic field strength tensor and D α is the SM gauge covariant derivative. The parameters ω G and λ G depend on the nature of the vector LQ. In our analysis we will assume U α 1 to be a fundamental gauge boson arising from an extended gauge group. This choice fixes ω G = 1 and λ G = 0. For this benchmark, the production cross-section for the vector LQ was calculated with MadGraph5 at leading order in QCD. We cross-checked our results with Ref. [54] . Note that the production cross-section for the vector LQ is a factor of ∼ O(10) larger with respect to that of a scalar LQ with the same mass For the SUSY searches, we used the 95% CL limits provided by ATLAS on the number of allowed NP events in each signal region. Of all the SUSY searches, we found that the signal region Rpc3L1bH of the tri-lepton search [47] gives the best SUSY limits on the LQ masses: M R 1180 GeV and M U 1720 GeV.
Finally, we turn to the inclusive di-muon tail search [40] . The effect of the LQ resonant decay into tµ pairs is to modify the high-p T tails of the di-muon invariant mass spectrum. We compare signal and background events above an invariant mass cut of m µµ > 1200 GeV (we find this value of the cut to be optimal for LQs above 1 TeV) and perform a statistical analysis by loglikelihood minimization to extract the 95% CL limits. In Figure 6 we show the excluded region in the {M U , M R } plane from this search at 36.1 fb −1 in red and a high luminosity projection with 300 fb −1 of data is given by the dashed red contour. Notice that having M R ∼ M U , for example, is allowed for masses above 1.9 TeV. In appendix A we give bounds on generic scalar and vector LQs decaying to tµ as a function of the branching fraction β for one LQ at a time. These results from the SUSY tri-lepton search and the pp → µμ + X tails give the most stringent bounds up to date for this channel. For the pair production of the scalar LQ component R 2/3 , we use a dedicated search by CMS [55] in the ttνν channel at 35.9 fb −1 . This search however sets a weaker limit on the R 2 mass, M R > 1020 GeV. 
VI. NEW PHYSICS IN THE ELECTRON CHANNEL
A similar analysis can be performed assuming that NP in the operators (1) affects electrons instead of muons. Obviously, in this case it is not possible to accommodate the anomalies in b → sµ + µ − , but one could still generate the required deviations in the ratios R K ( * ) . In this case we use the measurement (see Table 7 .
in [26])
A e = 0.1514 ± 0.0019 ,
for the leptonic asymmetry parameter. The results of the global fit are summarized in Table III and Figure 7 . An important tension between the LEP-I bounds and the R K ( * ) measurements is found due to more precise determination of the leptonic asymmetry parameter in this case. 
VII. DISCUSSION OF THE RESULTS
• In Sec. IV we proposed two possible scenarios that generate the pattern of NP on which we are interested (a Z boson or a combination of two leptoquarks). One can also consider different scenarios mixing these two. For instance, a Z with right-handed coupling to muons could be combined with the scalar leptoquark R 2 ∼ (3, 2, 7/6), in order to generate the two Wilson coefficients C u and C eu . Alternatively, one could consider a Z boson with left-handed coupling to muons combined with the vector leptoquark U 1α .
• Ref. [14] performed a model independent analysis based on the SMEFT. It was advocated that having [C u ] µµtt ∼ −O(1) for Λ ∼ 1 TeV can provide a viable explanation of the b → s + − anomalies. In this work we have performed a similar analysis, including a more careful treatment of the LEP-I constraints. We have included the required one-loop matching corrections at the EW scale that are relevant to estimate Z → µ + µ − in this framework. From our analysis, we find that [C u ] µµtt ∼ −O(1) for Λ ∼ 1 TeV has some important tension with LEP-I measurements and a better solution is to have [C u 
We have verified that the finite corrections to Z → µ + µ − not included in Ref. [14] are small and cannot explain the discrepancy. We find that the reason of the discrepancy was the large correlation (ρ = 0.9) between (δg L , δg R ) from Eq. (3), which was not taken into account in [14] when using the bounds from [29] . To illustrate this, we show in Figure 8 On the upper plot we show our results including the LEP-I measurements in (9) and (11) . In the lower plot we show what happens when one uses instead the bounds from Ref. [29] for (δg L , δg R ), without taking into account the correlation. In Table IV we show the values of [C u ] µµtt at the minimum of the χ 2 for each sector, taking Λ = 1 TeV. When using the results from Ref. [29] , missing the correlation between (δg L , δg R ) has the effect of reducing considerably the tension between LEP-I and b → s + − . As remarked in Sec. III, using the bounds from (9) and (11) leads to very similar results to taking the bounds on (δg L , δg R ) derived in Ref. [29] if the correlation is included. 
• By integrating out the Z of Eq. (13) at tree level one generates matching contributions to four-lepton and fourtop operators. The four-top operator (t R γ µ t R )(t R γ µ t R ) mixes at the two-loop level with the ∆F = 2 operator (bγ µ P L s)(bγ µ P L s), giving rise to B s,d meson mixing. This new physics contribution to the B s,d meson mixing amplitude has the same CKM suppression as the SM contribution so that no new CP-violating phases are introduced. For a Z boson around 1 TeV we obtain the bound | tt R | 11 from the measured mass differences ∆M s,d [56] . This bound is much weaker than the one derived from pp → ttZ → tttt at the LHC. The situation is very different compared to the Z models with tree level flavour violating couplings, for which stringent limits are derived from B mixing, see for instance [57, 58] .
• It is important to stress that using the results de- The high scale Λ has been fixed to 1 TeV. Upper plot: Results obtained in this work including the LEP-I measurements in (9) and (11). Lower plot: Results obtained using the bounds derived in Ref. [29] for (δgL, δgR), but without taking into account the correlation. rived in Sec. III within the EFT framework to infer possible ultraviolet completions should be done carefully. We can illustrate the possible subtleties with an extension of the SM with a U(1) gauge symmetry. After spontaneous symmetry breaking of the U(1) symmetry, the Z dynamics is described by the Lagrangian
with Z µν = ∂ µ Z ν − ∂ ν Z µ , g Z the U(1) gauge coupling, and J µ f representing the associated fermion current. The term proportional to κ is the kinetic mixing between the two abelian factors of the gauge group. Integrating out the Z field at tree-level gives rise to the dimension six effective Lagrangian (see for instance [59] )
which can be brought to the Warsaw operator basis using the SM equations of motion [21] . After doing this, one obtains matching contributions to the operators (
which depend on the kinetic mixing parameter κ. This scenario lies outside of the framework assumed in this work, as these operators will contribute to Z-decay observables and compete with the loop-induced effects considered here.
However, if the kinetic gauge mixing parameter vanishes at the matching scale Λ, we can conclude from our analysis that a viable scenario would be a Z boson with vectorial coupling to muons. We could then propose a fully-fledged model invoking a U(1) = L µ − L τ gauge symmetry that is spontaneously broken by the vacuum expectation value of a scalar field that is singlet under the SM gauge group. 7 In this case heavy exotic fermions can provide the Z coupling to the top-quark via fermion mixing effects [16] . Having an explicit ultraviolet completion would allow us to calculate one-loop finite corrections to the matching at the high energy scale and test our assumption that the low-energy processes considered are dominated by logarithmic renormalization group evolution induced terms, such task is however beyond the scope of this work.
• It was originally proposed in [15] that the scalar LQ R 2 ∼ (3, 2, 7/6) can accommodate b → s + − anomalies at the one-loop level. This scenario was also analyzed later in [62] . As we saw, the LQ R 2 only generates the operator O u . It is worth noting that, as evidenced in Figure 8 , we can conclude that this scenario has an important tension with LEP-I measurements.
The model presented in [15] reduces this tension slightly by including a coupling of the LQ to the charm quark, besides the coupling to the top-quark. In this case, there is another relevant contribution to the effective Hamiltonian for b → s + − transitions from an operator involving both the charm and the top quark [C u ] µµct . This contribution can alleviate the tensions between b → s + − anomalies and LEP-I, however, since this new contribution is suppressed relative to the one from [C u ] µµtt by a factor m c /(m t V tb V * ts ) ∼ 1/6, the required charm coupling of R 2 is larger than the top coupling in this model.
In the following we show that high-p T searches at the LHC set stringent constraints on this model excluding most of the preferred region by a global fit of b → s + − and LEP observables. Because of the large R 2 coupling to charm, the model predicts a large deviation in the high-p T di-muon tails at the LHC [63] . For this we recast once again the inclusive pp → µμ + X search by ATLAS [40] with the NP signal given by the combination of the t-channel exchange of R 5/3 2 in cc → µμ via 7 The difference of family lepton numbers Lµ − Lτ is anomaly free with the SM fermion content and automatically gives a vectorial Z coupling to muons [60, 61] .
Scenario of R2 coupling to charm and top motivated by [15] . Excluded regions by the LHC at 95% CL from a recast of a dimuon search at 36.1 fb −1 , including projections to 300 fb −1 . The preferred region by a global fit of b → s + − and LEP observables at 68% CL and 95% CL is shown by dashed contours.
the charm-muon Yukawa coupling and pair production of LQs decaying into R † 2 R 2 → ttµμ, ct (tc)µμ. We find that the R 2 model as an explanation of the R K ( * ) and b → s + − anomalies is excluded for LQ masses below 1.15 TeV. 8 In Figure 9 (left) we illustrate this with the dark red exclusion region at 95% CL for the benchmark M R = 1.15 TeV in the Yukawa coupling plane {κ tµ S , κ cµ S }, following a notation analogous to (20) for the LQ couplings. The allowed region at 68% CL and 95% CL from a global fit to b → s + − and LEP-I observables is shown in Figure 9 as dashed contours. The horizontal red dashed contours represent the limit extracted if we had only considered the t-channel cc → µμ in our analysis. Notice that including the final states ttµμ and ct(tc)µμ from pair production in the di-muon recast removes this flat direction in κ tµ S . For a LQ mass above ∼ 1.2 TeV LQ pair production becomes negligible leaving only the t-channel mediated process cc → µμ as the only contribution to the di-muon tails. In Figure 9 (right) we give the 95% exclusion regions in the {M R , |κ cµ S |} plane for this scenario in orange. These bounds only rely on the size of the charm-muon coupling of R 2 , so they apply to the model in [15] . Between 1.15 < M R < 1.35 TeV the allowed region at 95% CL from the low energy fit is not completely excluded by this LHC search. Our projections of the di-muon bound to 300 fb −1 of LHC data, given by the dashed orange contour, cover this last piece of parameter space.
• As shown in Sec. V B, these strong tensions of R 2 with current LHC data can be avoided if one trades the dangerous couplings of R 2 to charm by a new vector LQ 8 Here we assume all tau-lepton and down-type Yukawa couplings of R 2 to be zero while [15] does not make this assumption. Additional decay channels of R 2 into tau-leptons would reduce the branching fractions for the muonic decay channels making this bound weaker.
state U 1 coupling to top. LQ pair production searches, shown in Figure 6 , put a current lower bound on both masses at about M U ∼ 1.9 TeV and M R ∼ 1.2 TeV. For these masses, and for couplings of moderate size, the combination R 2 plus U 1 can successfully explain the b → s + − anomalies without large tensions with highp T and low-energy observables. While the inclusive dimuon searches for LQ pair production is already giving relevant limits on this model, a dedicated search by the LHC for tµ resonances in ttµμ final states will considerably improve them. In particular, the necessity for large couplings |κ S,V | > ∼ 2 to explain the B-anomalies singles out the single LQ production mode pp → LQ µt as an additional probe for this model.
It is worth mentioning that one interesting possibility is to consider U 1 as a gauge boson of an SU(4) gauge extension of the SM. Here, the required non-universal couplings of the vector leptoquark to fermions can be generated with a horizontal gauge group or via mixing with vector-like fermions in an analogous fashion to [64] [65] [66] .
VIII. CONCLUSIONS
Current anomalies in b → s + − transitions could represent the first signature of physics beyond the Standard Model. Future measurements from the LHCb collaboration should be able to shed light on this possibility in the following years. Furthermore, the Belle-II experiment is also expected to add important information on this subject in the near future.
In this work we have analyzed a possible explanation of these anomalies with new physics around the TeV scale that couples to right-handed top-quarks and muons. The required contributions to b → s + − arise at the one-loop level in this case. We have explored this scenario both with the Standard Model Effective Field Theory framework as well as with particular models. We have found a rich complementarity between the flavour observables, high-p T searches at the LHC, and electroweak precision measurements performed at LEP.
Considering the two SMEFT operators O u = (¯ Lµ γ α Lµ )(t R γ α t R ) and O eu = (μ R γ α µ R )(t R γ α t R ), we obtain that the preferred Wilson coefficients satisfy C eu ∼ C u , implying that new physics enters in b → sµ + µ − mainly through the Wilson coefficient C 9 of the Weak Effective Theory. We find that a vector boson in the irreducible representation of the SM gauge group Z µ ∼ (1, 1, 0) with vectorial coupling to muons and a combination of two leptoquarks, the scalar R 2 ∼ (3, 2, 7/6) and the vector U 1α ∼ (3, 1, 5/3) can produce the required new physics pattern. By recasting different new physics searches at the LHC, we showed that high-p T searches are already probing these mediators in the parameter space region that accommodates the flavour anomalies and exclude an important range of the possible masses. These mediators can therefore be discovered with the increase in luminosity at the LHC.
Finally, our framework does not explain the anomalies observed in b → c ν transitions. It is interesting to note that, due to the loop suppression of the new physics contribution in b → s + − within our scenario, we rely on mediators with fermionic couplings of order one and a mass around the TeV scale. The anomalies in b → c ν transitions hint to mediators with these characteristics contributing at tree level, given that it is a tree-level process in the SM. It can therefore be interesting to extend the framework presented in this work in order to accommodate both b → s + − and b → c ν anomalies, having mediators that enter at the loop and tree level respectively. A.F. would like to thank Jernej F. Kamenik for valuable discussions and for carefully reading the manuscript. The authors would like to dedicate this work to the Venezuelan researchers, professors and students currently struggling to carry out their research and education in Venezuela under inexcusable precarious conditions for which we hold the current government accountable. We would also like to thank the Universidad Simón Bolívar for the quality education and stimulating atmosphere provided during our undergraduate studies.
Appendix A: Model independent bounds on LQ pair production in the ttµμ channel
We give results from recasting the ∼ 36 fb −1 SUSY and di-muon tail search [40, 46, 47] for the QCD induced pair production process pp → LQ † LQ → ttµμ of a generic LQ state. We present the 95% CL exclusion limits in Figure 10 for both scalar and vector LQs with mass M LQ and branching ratio β(LQ → tµ). The solid lines represent the exclusion bounds from the searches with current luminosity while the dashed lines are for a projected LHC luminosity of 300 fb −1 . The di-muon tail search produces the most stringent bounds for the vector leptoquark, while for the scalar leptoquark these limits are comparable with those coming from the SUSY trilepton search. These figures give an indication of how our results get modified when one allows for additional decay channels for the leptoquarks.
